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ABSTRACT
Neutral leptons corresponding to "right-handed neutrines®” are expected in
many grand unified theories ¢f the electroweak and strong interactions. At
present the experimental 1imits on the masses and mixings with ordinary neutrincs
of these leptens are very poor for masses above about 1 GeV¥. Suggestions are
made for extending these limits, in experiments involving the production of b
guarks, W and 7 bosons, and any heavier gauge bosons that might exist, and via

high-statistical studies of neutral current neutrino interactions.
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1. INTRODUCTION

A1l the observed particles except neutrinps have both 1eft-handed and
right-handed }ersions. The neutrinos have been observed only in left-handed
form. It is not clear whether this stems from a fundamental handedness of the
weak interactions alone, or reflects some basic asymmetry in the spectrum.

From the standpoint of theories which seek to unite guarks and leptons, the
latter point of view appears most plausible. Thus, in the simplest of such
“grand unified theories" (GUTs), based on the group SU{5), [1] the simplest
representations containing all the known charged fermions eonly cen accommodate

2 left-handed neutrino. 1f these representations are combined into a single
irreducible representation of a higher group, such as SG{10), [2] & natural place
for the right-handed nsyutrino arises, but its mass is by no means guaranteed

to be the same as that of its left-handed partner. Indeed, there are both
theoretical and experimental arguments that if such a neutral lepton exists,

it must be relatively heavy. [3].

in the present paber, we explore the present 1imits on neutral heavy leptons
which may underge small mixings with the ordinary neutrinos. We find that these
Timits tend to be rather strict only for masses below about a GeV, implying
mixings that are quite small. For masses above about 1 GeV, the limits deterior-
ate. MWe suggest several types of experiment for remedying this situvaticn.

The study of neutral heavy leptons began in earnest about 10 years ago. [4]
Since then, there has been a good deal of effort devoted to the stuwdy of their
properties and corresponding experimental searches.[5] Thus, in some
sense, we are reopening an old guestion. We do so becavse of the Targe number
of experimenta) possibilities that have appeared in recent years for extending
the range of searches for such objects. High-statistics neutrino experiments,

production of b quarks, and studies of W and Z (and any heavier gauge boson )



decays all can play a significant roie in such searches. The possibility of
multi-TeV hadron-hadron coliisions in principie can even extend these searches
up to iepton masses of many TeV, as we shall show. In planning multi-purpose
detectors for present and future calliding beam machines, it is important

not to miss possible signatures at neutral heavy Jeptons.

Qur discussion will focus on neutral leptons which mix with neutrinos essen-
tially instantaneously as & result of the large mass difference between the
species. Thus our treatment is complementary to the study of neutrino pscilla-
tions. We shall be concerned primarily with direct searches fer heavy leptons
that do not depend on their having Majorana masses. As has been pointed out in
Ref. 6, 2 number of interesting consequences (such as neutrinoless double beta-
decay and wrong-sign leptons) are specific to the presence of Majorana masses
in the theory.

We shall present a number of analyses which are meant primarily to indicate
possibilities for useful experiments. They should not be taken as substitutes
for detailed Monte Carlo calculations based on specific apparatus.

In Section II we present a simple model for mixing of neutral heavy Jeptons
with ordinary neutrinos. This model contains the essential features of several
descriptions of neutrinos already in the titerature, [7-¢] The model involves
both neutral- and charged-current couplings of the neutral heavy leptons. A
variant with only charged-current couplings is also discussed briefly. Univer-
sality of electron and muon neutrinos constrains the mixings to be small, corres-
ponding to less than 10% in amplitude. The mixings can be larger for the tau
neutrine. Lifetimes and branching ratios are estimated and general experimental
signatures are noted.

Present mass and mixing limits are described in Section I1TI. These are based
on such experiments as direct low-mass searches [10) (e.g., in kaon decays), the
absence of forward neutral decaying particles in neutrino beams from conventicnal

sources or beam dumps, [11] and high-statistics neutrinc experiments.

Stringent 1imits on mixing parameters come from searches for charmed particle
semileptonic or leptonic decays to heavy Jeptons. Analyses in terms of b pro-
duction can extend these 1imits upward in mass for certain ranges of mixings.
The kinematic limit for such decays defines the maximum mass for which such
cearchas are sensitive. We then go beyond present experiments to suggest
extensions of the range of mixing and mass parameters for which useful bounds
on heavy neutral leptons can be set. An "ideal" beam dump experiment for production
of hadrons containing b guarks is described. Other scurces of b quarks (e.g.,
in e+e“ anninilations) also can be useful in setting 1limits. We also describe
how the decays of W and Z bosons can help to search for heavy neutral leptons,
and mention some possibilities at multi-TeV colliding hadron machines if new
gauge bosons can be produced.

Our conclusions and a discussion of scme alternative syggestions for heavy

lepton searches, are contained in Section Iv.



IT. MIXING OF LIGHT AND HEAVY NEUTRAL LEPTONS
A. Assumptions,
In the standard picture of electroweak intevactions, the charged and neutral

weak current involving neutrinos are of the form

u = - L - u - :
JCC = ugve * VLY ML + VTLYLTL {2.3)

¥ [ Sk
INC T Vel ver * VLY L VLY VoL {e.2)

The neutrinos are weak isodoublet members.

In many grand unified theories of the electroweak and strong interactions,
additional heavy neutral leptons occur which are primarily isaosinglets under
ordinary weak SU{2). However, these can mix with the light neutrines in such
a way that the fundamental weak iscdoubiets entering into {2.1) and (2.2)
acquire some admixture of the heavy states. This happens in two types of model
of which we are aware, pne with light {but not massiess) neutrings [3] and the
other with strictly massless neutrinos [7-9]. In either case, a simple approxi-

mation to the charged and neutral currents may be obtained by replacing

viL(1=e,:,1) in {2.1) and (2.2) by

vip = Ny vy 0 - i’uiaJ?’,zj il (2.3

Here the sum is over heavy lepton species a. The weak eigenstate is now NiL‘
mass elgenstates are vy {Tight) and Na (heavier). As we shall see presently,
wiak universality constrains the Ufa'

The model (2.3) in which light neutrinos simply mix with heavy ones will he
considered for the rest of this paper. HMere we would like to simply point out

some other alternative possibilities at the outset.

In a model in which a peutrino mixes with amother isodcublet, one can
expect a suppression of flavor-changing neutral currents analogous to that
which holds for quarks. By contrast, the substitution {2.3) will lead to both
charged and neutral currents connecting the new heavy leptons with the familiar,
Tighter ones. Some of the bounds we shall obtain depend on the existence of
these neutral currents.

We do not consider mixing of the known isodoublet neutrinos with higher
ispdoublat states (sequential leptons). We would expect the first evidence for
such new states to come from decays of their corresponding charged lepton part-
ners, from neutrine-counting via measurement of the 20 total decay width, or
{for massive states) directly in ZD decays. (See R. Thun, Ref. 5).

We shall also not concern ourselves with the possibility of mixing among
1ight neutriros, in the absence of any present evidence for neutrino oscilla-
tigns. The mixing (2.3) also will lead to oscillations, but of undetectably
short wavelength for the masses of Nrl we shall consider.

B. Specific mixing models.

1. Massive-neutrino model.

We shall consider for simplicity a version of the model first suggested
in Ref. 3 in which sach light neutrino mixes only with a single heavy lepton.

Then the neutrino and heavy lepton are eigenstates of the mass. matrix

M, = R i=e, u, 1, (2.4)

we assume My ., ”1)’ with
i

2 a
1y fszi .
Yi v (mass & ¥i/My ) {2.5)
-l My i
- 1
[ /M
- v/ W AT (2.6)
V- upsemy i
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The mixing parameters U1a in Eq. {2.3) are thus

Here by is a Dirac mass, while MN is a Majorana mass.

UiNi = - “1/”&‘ (2.7

The inverse proportionality of U to the heavy lepton mass is a general feature
which may prove important in evaluating the guality of a given search experi-
ment. The mass b is a typical Dirac mass. In grand unified theories it

is often related to the corresponding mass of ar Iaw = + 1/2 quark {u,c,t),
divided by 3 3 to account for rencrmaiization-group corrections. [§,12]

Thus {given a factor of 3 uncertainty in Such estimates), we would take

be = (m /3 ) = 0.5-5 Mev, (2.8)
v = {mc,rs)s11 = 150-1500 MeV, (2.9)
by s (m,/3)3 = 2.5-25 Gev, (2.10)

where we have arbitrarily taken m, = 25 GeV, {In the model of Ref.& , the value of

v is the corresponding charged lepton mass.) Given present bounds on neutring
masses [13,14]
m(ue) < 60 eV; m(vp) < 0.5 MeV;
m(vT) < 250 Me¥ s {2.11)
we would then predict

RN -3
|UE Neis 107, |UuN | 3x10
b
Mt
|U1N1| < 10 , (2.12)

and, correspondingly,

M, 2 4 GeV, My 2 45 Gev;
e L

MN : 25 Gev. {2.13)

T

N

The limits (2.12) are compatible with weak universality for the observed
neutrinos. The 1imits {2.13) $uggest that heavy leptons could be observed
at present accelerators. Of course, if the muon and tau neutrinos are long-
Tived enough that their masses must satisfy cosmological upper bounds [15] of
order 100 e¥, the corresponding Nu and NT must be much heavier. Then, only
Ne would be accessible in laboratory experiments, and its mixing with Vg
according to Eg. (2.12) would be quite small.

The absolute values of |U|Z implied by (2.7)-{2.10) are shown in Fig. la.
Also shown are the bounds based on Eqs. [2.11) and [2.5}-(2.7), which imply
ful2ky = m < mv(max) for each neutrino flavor

The papers of Ref. 3 treated the case of very heavy Nj‘s, M(Ni) > 100 GeV
or much heavier. In Egq. {2.13), we have relaxed these bounds somewhat. More-
over, it has recently been suggested [16] that Ni could be even lighter than
the bounds (2.13), on the basis of freedom of the Yukawa coupling giving rise to

u:. If this were true, the corresponding mixing parameters could be smallier than

i
in Fig. la.



2. Massless-neutrino model.

The (tight) neutrinos can be strictly massless as a result of some dis-
crete symmetry. [7] Heavy neutral leptans are still present in such models.
They can acquire Dirac masses as a result of mixing with additional weak isosing-
lets introduced for the purpose. [17] This behavior has been investigated in

a model for three generations, with the result [9,18] (see Eq. {2.13))

- 3y .
Nep © veL 1 - ?ﬁE_T ) Moy ﬁ;_ {2.14)
Z 2
2 2
N = {1 a-l az
uL L A N )
1 3
(=) 2
N () + R (o) (2.18)
1L kiR
MN? MN3
a,? a2
P 4 3
N 5w (- Mz ZMNZ) *Nay (EE")
4 3 2
&3
b Ny g (2.16)
N3

The parameters a; have been estimated in terms of Dirac masses of u, c, t quarks:

172 =1

a, - [[mumc) /3] % 37 = 10-700 MeV (2.1

1

1z 1

a, = [mm ) 7/3] « 37 = 0.6-6 GeY {2.18)

1

"

ag > [(mt-mc+mu)/3]x 3 2.5-25 Gev (2.19)
The mixings (2.14)-(2.16) imply violations of weak universality for processes
involving Yight neutrinos. These are discussed from a model-independent stand-

point in the next subsection. The results are

o oes

|UeNa|2 < 8.3% (2.20)

I~

0.8% (2.21)

T}

Uy 12
uNa

10

z [u:anzﬁm (anticipated) (2.22)

The ranges {2.17}- {2.19) and the bounds {2.20)-(2.22) then lead to the allowed

regions of IU!z and MN shown in Fig. 1b. The corresponding bounds on lepton

masses are:
MN 2 0.1 GeV  {improved below) (2.21)
1
MN 2 2 GeV {anticipated) {2.24)
2
My > B GeV [(anticipated) (2.25)
3

These results, in contrast to Eq. (2.13L are open toc & much wider range of tests
based or present experiments. Notice in Eags. (£.14}-(2.76) that just as in

the massive-nevtrine model, the.mixing parameters Uia are inversaly proportional
to the heavy lepton masses MNa. The bound {2.23) will be replaced by a stronger
one {21 GeV) presently. The possibility of a variety of neutral heavy leptons in
the 1-10 GaV¥ range suggests a targe number of possible experimental tests. While
many of these have been emphasized previously [4.5], some of the relevant experi-

ments are just now becoming possible.

C. Model-independent universality constraints.

In the two models presented in subsection B, the coupling of the ith Iight
neutring Vv to the charged and neutral weak currents is diminished by a factor

l--é E? lU;alx. as noted in Eq. [2.3). 1In Ref. &, constraints on this parameter

arising from weak universality have peen presented. These are now summarized and,

where appropriate, extended,

1. Comparison of Ml(] -’M'Nev and 4t=> € LD,

1f ¥, denotes the charged-current matrix element between v and ¢, this

ud
comparisaon implies [19]

IVoal /=5 21U 7)) = 09737 % 0. 0025 (2.26)

rS



Unitarity of the Kobayashi-Maskawa matrix and information en s, b decays and
charmed-particle production in neutrino reactions provides an upper bound om
lvud[ . This bound has i1mproved somewhat as a resuit of recent data. The new
ingredients since the analysis of Ref. 9 include measurement of the b lifetime,
[207 which we may use to conclude |V, | £ 0.065, [21], and the improved limit
lvnu/vbcf < 0.15 coming from the study of leptons in b decay. [22] The result
is
IV, | 2 oar4s (ar level Y, (2.27)
which, when combired with Eg. {2.26), leads to
T
Z1u,, |0 £ o8y (2elevel) . @
7. T lifetime.

The prediction of weak universality is
+h -3
T, = ¢(z.8x0©1) ~ (o s, (2.29)
where the error comes from uncertainties in the experimental Ly ew and

Ve 4 v branching ratios. [23] A new measurement [24] gives

=3

P (3. po towlXO.3SY wio s . {2.30}

e

Deviations from weak universality may be gauged from
?-.=+k 2
:E:;:,, = |- ?luru,,

Present comparison of (2.29) and {2.30) only constrains E; IL%Cnﬁa,lto be less than

(2.31)

about 30%. Let us anticipate improvements in this figure such that
.
o, [
Z 10, | £ 1o% Canticipatred) . (2.32)
In what follows, we shall use this estimate, keeping in mind that it has not yet

been attained. Precise T lifetime measurements thus continue to be of considerable

importance.

3. Comparison of TT-rév and T2l

Lepton masses, radiative corrections, and neutrino mixings combine to give

the prediction [25]

t— z iL)ehJu,ll
J [lme?) (233 x16™) - y
Cm =) - = | Uin, | (2.33)

Experimentally [26]

© = (L218 xo.0m4) ~ o™

{2.34)

Thus
cpe3s ¢ 2lu 7= 210 |* & ool (20) {2.35)
. - - AN - e M, - -
Combintng {2.35) with (2.28), we find only
T '

T | gy, |7 zam {2.36)

b. Lifetime estimatas
In Fig. 2 we show typical decay mechanisms for a neutral heavy lepten. Both

charged and neutral weak currents can contribute. The rate for any given process

scales as MNS.

In Ref. 9 a rough attempt was made to estimate the rate at which new decay

channels open up as MN increases. Tne total decay rate from charged-and neutral-
5 -1
s

current processes may be expressed in terms of [;_= 4.55x10

U AN R AR

A
where the effective number E'of unit-strength charged-current channels may be

(2.37)

calculated straightforwardly. [In similar fashion one would find §?= 5 for «
decays: 1 for ew, 1 foruy, and 3 for wd). Thresholds were estimated crudely
{with arbitrary weights 0, %. or 1}. The resulting estimate of § from 2 to 50

GeV was fit with a power-law:

M) = No (Mu/1GeV) (2.38)



The power-law cbhtained in Ref. 9 corresponds to p=0.3. Here we calculate
the opening of new channels more precisely with the help of exact matrix elements
and phase space for three-body final states produced in charged-current and
neutral current decays. These matrix elements and phase space factors lead to
the following finite mass syppression factors I for the decay praocess
A—B+ C+ D:

i) A-B and C-D couplings left-handed: [27]

- ™A 4 H
I_I'[T:’F:’Tﬂ%)’ (2.39)
whare 2
(23" s » ot 2 y(1+25-8)
T (xy, 2Y='2 (a2 —S-Cs xt-yt )

L /2
- g [s~{x—.jj"][_s— Cx+5)‘] [ (r+a)1—s] L(r-i‘) -5]] . (2.40)
{Note that 1(0,0,0) = 1.)

ii) A-B and {-D couplings right-handed: [27]

_ Ha Mo HMec (2.41)
T =T 2 LR i Sy .
! ( Mo > a ) Ma \

ii1) A-P couplinos riaht-handed and C-D couplings left-handed {or vice
versa):

T =1, (=

Fia 7 Fip

Mp e e
e ! -,;;;3 ) (2.42)

where

me-x)" 4s (rax? -5
T, (x4, 2) = a4 4z eyt s

" i [_CM-:-(‘)t —5}[(\—:{)1-5] L 3 —(g+é)zI[ S-(g-i‘)‘]j?/z. {2.43)

We consider three limiting cases, in which the heavy lepton mixes primarily
with ¥, l,{.‘ or Dt. In all cases charged-current decays contribute exclusively

to some processes, neutral-current decays exclusively to scme others, and an

interference between charged-and nevtral-current decays occurs in still others.
For example,.a neutral lepton mixing exclusively with L} decays to L} e+e-
via both charged and neutral current. This interference is taken into account
in calculating total rates.

The assumed masses, in addition to these measured for the charaged leptons,
are m, = My 10 Mev, m. = 0.15 GeV, m. = 1.5 Gev, m, = 5 GeY, and m, = 25 GeV,
We take sinzew = (.22 in calculating neutral-current decays.

The resulting factors §. for heavy leptons mixing with light neutrinoes
1

Uf(i=e,f1,t) are shown in Fig. 3. A best-fit to the form [(2.38) yields:

S (MuY = £.95 (Hu/lg“;)"-"' (2.48)
Bo(ra) = €91 (rmftev)"? (2.45)
Fen) = 246 (M /il Gev) ¥ (2.26)

The corresponding lifetimes are predicted to be
The = 415 x107'2s (M [ {gevy =" Jul™? (2.47)
Ty, T 449 xio™ s ( Mu [ 6”’)—5.1‘1 fol™® {2.48)
To, = Lot <05 (riw [l GevYy =*Y fol™? . (2.49)

We restrict the discussion to HN 4 50 GeV. Above this value, W and I propagator
effects begin to be important, and for MN >MH’ MZ decays to real W's and I's

dominate, with rates

Ge Mt E
Fln— wey= ZF "W to
g ) P » H.Ll
T T
’{I—EE;]L{HL; —@13 (2.50)
HN Mw !
Civ=—28)= 66 Ha® Mo [ L !l?
FTVa y
P § L Mpt 1l L M } (2.51)
-y e 2 R '

Thus the approximate forms (2.47)-{2.49) are no langer valid for very high-mass

neutral leptons H.
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The branching ratios of heavy leptons into various final states are shown

in Fig. 4. Typical values are

Bt w2270y = 0.2 (2.52)
. (2.53)
B{r — neutrinash) = ©.2 - O 1
- (2.54)
B(n— £+ hedvons)s 0.4 - 0.5
{2.55)

2(ro 7 L+ hadrons) = o. 2 .
The decay mode (2.54) is useful in principle for reconstructing the mass of N.
For low-mass leptons, Table 1 gives a more detailed breakdown.

bs an illustration of the range of lifetimes one may expect, we Show
in Fig. 5 contours of fixed [,, from Eq. (2.48) as a function of tvl® and
MN' These may be compared if d;;ired with Figs. 1 to see the enormous range
of possipbilities allowed in specific models.

In left-right symmetric models there is another potential source of N decay,
which involves the exchange of a right-handed W. The N then couples to a charged
Yepton with full strength, sc there is no mixing factor ILJllin the decay rate.
On the other hand, the rate is suppressed with respect to that for an ordinary
weak charged-current decay by the factor (MHL/MHR)4. The NR can couple with
fuli strength to right-handed guark pairs: (u.d)R; (c.s)R; (t,b)R. Thus the
effective number of open channels is not very different from that illustrated
in Figs. 3; it is 3 for each fully open quark isodoublet channel.

The decay of N via @ right-handed W then predominates over its decay via
mixing with a left-handed neutrino if

(Mw, M0 DY 2 lof? .
R (2.56}
Bounds on MNR depend on the processes assumed, but one cannot in the present case

use any bounds based on lepton-light neutrino charged currents. A bound based

16

on the K, - Ky mass difference [28] implies

M > ¢ TeV,

w
R {2.57)
and hence the decay via Wp only has a chance of predominating if

o
eV -
jolr < (____go G ) = ¢ xi0” ¢
{.¢ TeV (2.58)
1f there are two differant types of heavy lepton Nl and N, coupled

via “R to charged leptons 4% and f , decays of the form

N RN (2.59)
also may occur via Wp exchange. These could give rise to interesting multi-
lepton signatures, as discussed in Sec. II1.D.

E. Experimental signatures of a neutral heavy izpton,

Fig. 5 shows that detectable path lengths are possible for quite a wide
range of possible parameters. These paths range all the way from sub-millimeter
tracks to hundreds of meters, depending on masses and mixings. In Sec. III
we shall discuss specific experiments sensitive to these possibilities. Here
we give a brief overview.

Since a neutral heavy lepton decays by mixing with 1ight neutrinos, its
decay products must centain either a charged lepton (if it decays via the charged
current) or a neutrino (if it decays via the neutral curreat). The weak current
then materializes into a lepton pair or a guark pair, as illustrated in Fig. 2.

For 1 Gev £ Mﬁ'i 2 GeY, one can expect the weak current to give rise to a
restricted class of hadronic final states, just as in T decay. Thus we might

expect to see

N - L7 wd 12.60)



17
appearing in the forms
N— £ Ut
£~ ntn°
€7 mrmtme : (2.61)

For heavier N, exclusive final states will become harder to reconstruct as the
number of gifferent channels grows. However, calorimetric methads based on
jet reconstruction could in principle measure even very high effective masses.

A neutrino beam can produce heavy neutral leptons via a neutral-current
interaction. These canm then travel some distance from the interaction peint, or
be detected immediately. Events can be scanned for secondary vertices, for
unusual leptons or lepton energhes, or even for decay leptons from upstream
interactions. Some possibilities are summarized in Table 2.

Heavy quarks such as ¢ and b can decay semileptonically via the charged
weak current to a neutral heavy lepton and a charged lepton. Thus one might
examine events with ¢ or b production for secondary vertices or unusual leptons.
As we shall see, only a restricted set of mixings may be possiﬁie for heavy leptons
that can be produced in ¢ decavys. A dedicated experiment with many b gquarks
produced could set some very useful 1imits on neutral heavy leptons in new regions
of mass and mixing.

If W or 7 bosons decay occasionally to neutral heavy leptons, one might
see signatures very similar to W—sFu or 7—~vD except for the presence of
secondary vertices. This also holds for heavier W's and I's if they exist,
with the added possibility of full-or nearly full-strength couplings to eN

or Ni  for some varieties of such W's and 7's.

II1. PRESENT AND FUTURE MASS AND MIXING LIMITS

A.  Leptons from T, K decay.

The absence of K coupled to g or e inIT, K—=uN or T, ¥ ~»gN has been demon-
strated directly in dedicated search experiments [10] and indirectly via the
zbsence of decays downstream of accelerator neutrino sources. [29) 1f any
neutral leptons exist with masses Jess than M -M, ({=¢ oru), their mixings
with b, must be extremely small: typically jul*<107° - IU'B. depending somewhat
an the mass. Such small values are implausible in the specific models iltus-
trated in Fig. 1, though they tould arise in the version of Ref. 16.

B. Exotic T decays.

Some time ago it was suqgested that the decays T[] Ne or Tl Mo
could be used to search for new neutral leptons counled with full strength to
electrons or muons. [30] A search [31] excluded such leptons up to about 1.2 GeV
in mass. However, the statistics were too limited to exclude peutral leptons
coupling with reduced strenaths. A more recent search for unexpected T decay
modes [32) involves final states without M.. If TN . and  Np
decays via mixing primarily to lé, there will still appear a L% in the final state.
Thus this search cannot help set limits except under special circumstances for
the present class of models,

C. Beam dump producticn of c and b quarks.

Meutral heavy leptons can be produced in hadronic interactions from the

decays of ¢ and b quarks: e.g.,

DY 5 {s=-1]+ N+ (fpron)’ (3.9)
TE, Fren o o4 (Lepton YT (3.2}
(3.3

B2 —> [charm ) + B + (Lopton)



Several beam dump experiments are sensitive to N at a useful level. We Tirst
estimate the rates for charm and b productieon and for charm and b decay intc
a neutral heavy lepton.

1. Production rates.

Many of the experiments we shall discuss were performed at an incident
oroton energy of 400 Ge¥. For this energy, the cross section for charm production
has been measured to be [33]

T(p+ wucleomn — DD+ = 237248 ub (3.4)

for ddc/dp3 _,(,_x)"c"’"‘d-, ’“_;:(P:*"“.?B)ﬁ in GeV.

Trhe cross sectien for hadronic F production has not yet been measured
In analogy with strange particle production, we might guess that it is about
1/10 of that for D production. As we shall see below, even at this level
F's could be a potential source of useful information on heavy leptons.

Far an estimate of hadronic B productien, we scale the cross section for

¢harm production at a lawer value of ys:

- 8 — i
o(sB; Vi) = () ¢ (o5 Vs ) - B9
B
We assume, as in Ref. 33, that the charm crass section behaves as 51‘3. 5o that
= #$.6 = .
(BB, Ve ) 2 (my/mg)  T(DD VS ) . (3.6)

A slightly more pessimistic estimate results if we replace (3.5} by the assumption [34]
that cross sections scale as ﬁ‘/b1% where rL is a two-gluon hadronic width.

1f [} varies siowly with M (as is true for the tnree-gluon widths of § and ),

the power in {3.6) could be as large as 5.6. We then estimate {at P = 400 GeV/c)

FEY+(B) = (o 3 cw® . (3.7)

3 cm2 for the non-diffractive component

of B production. We shall present results for both 'IO_:'I.I :m2 and 15'32 cm2

Halzen [34.35] has obtained the estimate 10°

in the absence of a firm measurement of this quantity.[36]
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2. Charm and b decays to N.

The cross section {3.4) was obtained from the semileptanic decays of charmed
particies under the assumption.that DD production dominated, and that the average

semileptonic branching ratio was that measured in e"e” anninilations at the

¢ [an] _ o
BSL (p) = g a2ax .2 /o . (3.8)

The rate for the process(3.1) may be related to that for ordinary semileptonic

decay via the kinematic factor II(EEE, Mo Pl gefined in Eo. (2.40) and
e Mo W

(a2 )

plotted in Fig. 6. Then

[T TP ra

B(D~[s=-]NL") = BSL('D> (% ,0, 22D

WA e

tol

{3.9)

The purely leptonic decays of b* and it oare potential sources of more massive
neutral leptons. The -estimates of these branching ratios follow standard methods.
{4,30] Here we assume that N mixes with Li . For mixing with L, , the kinematic

Timit on the highest accessible N mass is simply about 100 Mey less. We find
2
F(Dr—>Nem )= W M{k—su) (Fp/fc)
P1n1 Lot ) l' - b*ulfuhig ] *

-

e Ll -kt Jrgt ; (3.10)

en
F(FT— met) = joul* cot?ée Flk-2e)y (Fe [ )l
. Mut wme Il-— M /e ]“

LA Py b e ®

As a conservative estimace we take fD = fp = fK. [38] The measured lifetimes

(3.1}

of D" and t¥ are [39

+1 -13
Tpr = {232 2,0 1o s {3.12)
Tev = (a5 *"2N 0™ = : {3.13)
—~ 0.7



We assume central values. Then, for m = 1.87 GeV, [40]

B et = (157 x1072)|ul* (inficev)’ [ I—HJ/u;]j-
{3.14)

B(FT—rne) = Jo7 Joit (Mu /1 Ge v [1-ta® [md ] t (3.15)
The semileptenic and leptonic branching ratios (3.5}, {3.14), and (3.15) are
compared with ome another in Fig. 7. For MN above 0.8 GeY, laptonic decays of

o provide an intrinsically larcer branching ratio. However, since ot production
is certainly no more than half and probably more like a third of hadroniz D
production, the advantage of the leptonic decays probably is only felt for Mﬁ

above about 1 GeV. For 1 GeV £ M Z1.7 GeV, the F'_une+ branching ratio is larger
than that of D+--——Ne+ by about the same amount that one might expect i pro-
duction to be suppressed. Hence £t production, once measured, ‘is likely to add
statistical power to a heavy lepfon search, and will allow the mass range to

be extended by about 100 MeV.

The branching ratio of B [hadrons containing b quarks) to heavy leptens in

Eq. (3.3) may be estimated {rom the integral I GEi, EE.)j?) in Eq. {2.40),
Py, mp

plotted in Fig. B. For future reference we alsc show the average value of
PN/MN in the B center-af-mass. When MN=5. the process {3.3) corresponds to

b ~—ce—{k , which is measured to have a branchiné ratic of 11.6 X 0.5% = ESL{B).

[22] Then L T P My
_ - 5 ¢ ""'}“‘b"“l. lulz
B (g—lchan] "R} = B, (B) & EORETRS - (3.16)

The result is shown in Fig. 3. The absence of any detectable b —u coupling
prevents us from making an estimate of leptonic decays of bu mesans, but such
decays will be quite rare and probably of no use in setting bounds on neutral
heavy leptons,

3. General experimental considerations.

After the heavy lepton is produced via charm or b decay, it travels a
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distance
L= p,cTa /M (3.17)
with T estimated via one of Eqs. {2.47) - (2.4%). The lifetime T, cepends cn
the mixing strength 1U|*, and can be quite tong for small [L]T. This can help
in detection.
The beginning of the decay region is assumed to be a distance,iz from the

point of productien, and the length of the decay region is A, Then the probab-

119ty B that N is observed to decay between £ and £, +A from the target

15 - £, /l'._

FLs e (- e 2D

{3.18)
A specific experiment with angular acceptance €, thus will set 1imits on
lU|1' and MN cerresponding to a fixed value of

T(Der B) B(Dor BN BN detected rode ) Pol €n_ .o (3.19)

There have been several beam-dump experiments sensitive to heavy lepton
production in the past few years. [41-48] Some of them are summarized in Table
3. The most recent in this table has quoted a limit on D decay to a heavy leptan
based on the process D —vNe+. In what follows we shall present an independent
analysis of this experiment, extending it to the case of B production. HWe hope
that this illustrative example cam encourage the analysis of some of the other
experiments in Table 3 in terms of charm and E decay, as well as stimylating
further searches in beam dumps.

4. The CHARM experiment.

In Fig. 10 we reproduce the limit aquoted by Winter {48] on a neutral
heavy lepton N mixed with L, , on the basis of the decay D=»eN, N —o-e+e'vc.
The lower curve corresponds to long-lived leptons, while the limitation set

by the upper curve arises when the leptons decay before reaching the detector
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We now present a parailel analysis of the CHARM experiment, both in terms
cf Dt—’Ne*‘ and 1n terms of B —={charm} etN, Qur results from D —sde do not
exclude guite as large a region of the Jul* MN plane as that shown in Fig.
10, but are qualitatively similar. We thus feel that our estimates based on b
production may err, if at all, on the conservative side.

The guantities required for the D —+Ne analysis inglude: (a) the D
production cross section and x, p'L distribution; (b) the branching ratio
B{D —»Ne) as a function of MN; (¢} the branching ratio Bk —'e+e'v¢) (since the
ee” final state is what is searched for); {d} the angular acceptance &, , and
{e) trne probability that a lepton traversing the detector will decay within it.
For analysis in terms of B production, the quantities (a) and (b) are replaced
by {(a') the b or b production cross section, and (b') the branching ratio
b+& Ne . We shall also describe the limits that might be obtained from an
"ideal" beam dump experiment.

(a} D* producticn. Some D mesons are produced "directly"; others occur
via cascades from D* Me shall assume that (D, direct} =G(5"). Tren since
D* decays favar 0° by a xnown amount, we find T (D or ™Y =~ (D° or D°)/2,
and with the help of {3.4) we estimate for protons at P= 400 GeV that
cep*t) + T(DT) = (B ub . {3.20)

In the CHARM beam dump experiment the total nunber of Di produced is then

-3o 3 5
18 i P™ x(z.lfu‘o'l) ~ 1o 7. (3.2
£ xip=EC Cuat

fs noted earlier, charmed particles leading to direct leptons appear to be pro-

NEDPTY+ NCDTY =

duced with a distribution [33,49}
e 3 S

d:'O‘/dP3 ~ Ce=xd' e R

nz (P 4wt Ge VL (3.22)
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we shall thus take the average D produced at LI 400 Ge¥ to have Pp - &7 GeV
in the laboratory. The My distribution will enter into our caleculation performed

pelow of geometric acceptance.

{b) D ~»Ne branching ratio. We assume for present purposes that N mixes

primarily with U with mixing parameter U. (Similar arguments apply to the mixing
of N with ]ib' but the kinematic limit on the highest accessible N mass is simply
about 100 MeV iess.) The branching ratic of interest is then that given by Eq.

{3.74) and shown by the dashed curve in Fig. 7.

¢) N—e e g branching ratio. Again, we assume here that N mixes primarily
(Y g

with 1 . The above decay then cccurs via both charged ana peutral currents.

Taking account of the contripution of both of these, we find [ 9. 18] (for MN >
2
Zm, and §in 6, = 0.22)
F{l, —efe e ) /T (Ng e pv) = O0.57. (3.23)
The branching ratio to,ut,,.'u‘ is much less:

Flbog =t ve) JTINg > enis ) = 0.3 . {3.24)

1f N mixes primarily with .'5‘_ , the above two estimates apply, respectively, to
the wtuy and e+e-1ju final states.

The total K, decay rate and e+e'lé branching ratio were estimated in Sec. T1.D.
Referring to Table 1, we see that for the mass range of interest the branching
ratio te eTe” gy is about BI. We shall assume this number in what follows. If only
charged currents contributed to N, decay. this number would be about 20% instead,
and the bounds would only be stronger.

(d) Geometric acceptange. From the parameters oiven in Ref. 47, one sees
that the detector subtends 9.6% in azimuth, and a polar angle ranging from

gz 7.3mr to 8 = 13.5 mr. The total solid ergle is then 3.9 x ]0'5 sr. We

assume that the average angle at which N is emitted is that of its parent particle,
the D. Using the p* distribution (3.22), ard an average D momentum of 67 GeV,

we find that the polar angle acceptance is 0.19, and hence the angular acceptance
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€n = €o €¢ = (/fsD(1 /6> = 2% {3.25)
We shall assume a constant figure of 2% in what follows.

{e) Longitudinal detection probability. Here we need pN“. Assuming & D

of momentum (P]g>= 67 GeV, and standard two-body kinematics, we find that a
uniform D —Ne decay distribution in the center-of-mass angle leads to a uniform

distribution in longitudinal momentum. We calculate an averaoe M momantum ranging

from apout 33 Gey for very light N to neariy 67 GeV for N near the kinematic Timit:

M, }
Hb1

<p" Y
<bN"> = -—t’i—— {H—

The longitudinal acceptance of the detector is the probability Pd that N

(3.26)

decays within a distance between £ - 480 m and £, + & =,{‘ + 35 m from the
target, where Pd is given by Egq. {3.18}.

The resulting region of parameters excluded by the absence of a detectable
decay N »e+e_*....1s shown by the solid curve in Fig. 1la. The experiment is

sensitive up to near the kinematic Timit. As mentioned earlier, information on F
production could add to an extension of trhe excluded renion.

A small additional region of small !UIl may be excluded by coensidering D
semileptonic decays. The total number of D's in the experiment is ahout 3x!015.
The average momentum of N is taken for simplicity as 25 GeV; it is Tower than
for 2-body D decay. The excluded region is bounded from below by the dptted

curve in Fig. 1la.

Now we estimate what imovovement in bounds, if any, follows from analyzing
the CHARM experiment in ternn of b decays.
{a') B nroduction. As mentioned earlier, we shall take two possibilities:

o~3" .t

Tty + T(B ) =
k { 1073% ew® {3.27)

for 400 GeV protons on nucleons. This leads us to expect
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=\ _ to~® 4o (072 cwet 2
(8) = a4 «i0
NI(BY + n (B) e € )
_ ¢ xio' .
= o . (3.28)

(b') b=w»¢cNe branching ratio. This guantity has been estimated above

(Fig. §).

{d') Geometric acceptance. Here we continue to assune the Z% figure dis-

cussed above,

*
{e') Longitudinal detection probability. Tne average momentum py of ¥

in the B center~of-mass has been computed and is shown in Fig. B. The average

Jaboratory momentum of N is then

o'y = (B3 mgd My (i e IMGE

We now assume that B (mB = 5,27 GeV) is produced with the same average laboratory
momentum as D, DLB = 67 GeV, The average momemtum of N then ranges from about
20 to 30 GeV for the masses of interest to us.

The odashed-dotted and dashed Tines in Fig, 1la indicate the excluded regions

2 and 10-32 crnz, respectively. A smaller range of

for a(s) +o{B) = 10 e
[lr‘lIz is excluded than in the D ~-+Ne analysis, except for N masses beyond the

D —»Ne kinematic Yimit (if O = 1073 cmz). Even here, the limits are poor
because many potential neutral lepton decays occur before the detector.

The decay B —»(charm) Nr is also kinematically allowed. We show in Fig.
11k the limits on Jul™ and HN abtained by analyzing this experiment in terms of
such & decay. A small but hitherto unexplored region is excliuded.

An “ideal dump" experiment may be imagined with all other parameters the
same as in the CHARM experiment, except PJ raduced to 50m, geometric acceptance

€, increased to 10%, and beam momentum doubled (to 800 GeV/c). Other average

~L
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momenta (of D's, B's, and %'s) 2lsc are assumed doubled. The ranges of |U{2

and MN that can be excluded in such an experiment are shown in Fig. 1Z. Useful

limits can be obtained up to MN = E% to 3 GeY for values of I()Ildown to about
16°%. There will still be an interesting region of larger ful* which must be
excluded by other means, however.

5. Brief discussion of other beam dump experiments.

we have dwelt on the CHARM experiment as the most recent and statistically
powerful of those Jisted in Table 3. However, otners may be abie to fi11 in some
of the regions in Fig. 11 not covered by the CHARM experiment. The crucial in-
aredients are a short path Jength !r between the target and the beginning of
the decay region, and large geometric acceptance. Thus, because of its short
initial decay length [} , even the relatively low-statistics experiment of Ref
43 may be able to provide useful information in the range Ju!‘ ~10'2. HN up to
~ 1.8 Ge¥. The experiment of Ref. 4%, with a very long observed decay length 4
and an initial path length ll less than half that in the CHARM experiment, also
may be able to fill in some gaps. So may the experiment of Ref. 46, with
£ =56 m.

0. High-statistics neutrino experiments.

Neutrino beams can produce heavy leptons via the neutral weak current.
The production probability is just that of an ordinary wesk current times the
square of the mixing parameter JUfl(times a threshold factor).

In a high-statistics neutrino experiment one might expect several million
neutral-current events. An upper limit of several distinctive heavy lepton

signatures would then correspond to a {Lﬂ=1imit of !0'5 up to masses where

-6

threshold effects become important. At |U]1= 107", the expected lifetimes range

3

from -10'55 (at M, = T Gev) down to very small values (10'1 s at MN = 30 GeV),

1
as illustrated in Fig. 5 for N . 1f 1% is larger, lifetimes can be even shorter.

Thus one must be ready for all possibilities noted in Table 2: decays too short
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to observe, observeble within the detector, or occurring beyond the detector.

1. Decay path too short to observe. One must infer heavy lepton pro-

duction from unusual event signatures. 1n the class of models considered here,
the decay of the heavy lepton always gives rise to a “right-sign lepton™:
gither a charged lepton or a neutrine. Additional leptons often are present,
however. These will be harder onm the average than leptons from the decays of
hadrons produced at the hadronic vertex. In the models of Ref. 3, N,

by virtue of being a Majorana particte, decays equally to leotons of either
sign. [50]

The study of dimuons in neutrine events has a long history. The earliest
dimuon events were recognized as a sign of charmed particle production. Inaead,
most if not ali of them appear to be due to charm. This source of dimuons s
analyzed exhaustively in a recent high-statistics study, [51] containing refer-
ence to earlier work. MWhat is not quoted in Ref. B1 is an upper limit on the
number of dimuons that could be due to decays of heawy leptons.

The distributions in azimuthal angle J between)u* anq/u' for U and & events
should be peaked at 180° for charm production. We estimate by eye, taking the
Monte Carlo calculations of Ref. 51 at fece value, that ne more than 10% of
dimuon events and 7% of ¥ dimuon events could be associated with a flat g dis-
tribution, and hence could come from other sources. This, however, does not
provide a particularly stringent bound. Since U(;gp')/rgﬂ'} = 0.6% for neutrinos
and ng;“*)/rgﬂ*) ~ 0.6% for antineutrinos, and since e{NC}/e({CC} = 0.3 for

neutrinos and 0.4 for antineutrinos, we estimate

o (heavy £pton)) Bllpton > cctp” 4 - ) J TS

(0. UY1o%Y /6.2 = 2 xi0”3 (LD (3.30)

138

e UIT%) /o4 = 1073 (5) (3.31)
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Since we estimate (for a lepten mixing with gu) B{1epton-rﬂ‘:y'+...) g 8%,
the antireutrino 1imit can only set a restriction of ]UII,E]D_Z. which we anti-
cipated anyhow on the basis of universality. MNonetheless it is reasuring to
see that such a 1imit can be obtained independently. A more precise analysis
may be able to strengthen the bounds somewhat.

The production of neutral heavy leptons in meutrino interactions is subject

to threshold suppression. For neutrinos on quarks of left-handed or right-handed

helicity, the suppression factors for production of massive states are, res-

pectively,
ara / od e
d-xdg M, fo Ald'j H,o= O
- ( (- H[\)‘/KS > ER {1.h. guarks) (3.32)
_ . 2 Mol {r.h. guarks) (2.33)
= -k e s D (1- —;—;)/(n—y)

where s is the square of the ¢.m. energy, § = mp2 + 2mpEl;ib. We may estimate the

sffect crudely by assuming that only left-handed valence quarks contribute to N
production. {Their contribution indeed is the dominant one.) We assume an aver-

age structure function

x g (xy ~ x M Cimxed® (3.34)
The threshold factor is then
o TR M) £
G g , e T Fcod (3.35)

where T = Mnl/s. and

-F(z)sji‘“("%)l x72 Clox ¥t (3.36)

a0

The result is plotted in Fig. 13. Neutrino experiments at present energies
are not very efficient in producing heavy leptons much above 5 GeV in mass.

One phencmencn in neutrine interactions for which standard models are
unable to account is the observation by several groups of same-sign dileptons.
[52,53) In Ref. 9 we discussed one possibility for producing these with the
help of a meutral heavy lepton, via

v4{adron) — o~ FH e -
o T

Nl (3.37)

as part of a myltilepton event. Another possibility would involve the sequential

decay of one heavy lepton to another, e.g., via

vt (hadron) = PN+ - -
o £, Mo Et.{"‘j'—*"- {3.138)
This decay of N1 could dominate if a right-handed W were sufficiently light,

as mentioned in Sec. Il.

2. Decay observed within detector. Suppcse the detector has length £,

and the proper path length for the lepton's decay is L. Then, given a uniform
tongitudinal distribution of production points within the detector, the proba-

bility that the decay distribution is also observed within the detector is

L -/
-PP,J- = 1 — -:f.— ( |- € >
£ £ << b
- /a. k S (3.39)
i (L5 LD

a
The production probability is proportional to [ul™ Thus a measure of effi-
ciency in detecting a decay within a given detector is the function

G = O P g = lolF[ - (- "4ey ] o



k]

which behaves as Ui for Varge M {small L) and lul%e/(eL) ~ 101Y for smat My

(large L}. Contours of egual 6l tvl*) fer £=10m, py = 50 GeV, are plotted

in Fig. 14. Such an experiment sensitive at the lUf‘= 10_6

4

level for high MN
will only be sensitive at the [0 707% tevel for My = 1 Gev.

Searches for secondary vertices are particularly simple in bubble chamber
experiments, and have been performed. [54] (MWe thank J. Lys for discussions
on this point.) The total evert sample in such experiments makes it unlikely
that Timits of better than |LI%107% will be set, however.

As an example of the limitations one might encounter in a practical high-
statistics neutrino detector, tet us imagine a detector of length { to be sensi-
tive to decays taking place at least 4: from the primary vertex. Then the sensi-
tivity of the experiment depends on

2 _ T 41 £ Loy /e ~2/L
| vl f‘p’d"ul [e, (I’—E)—L[C - )1 )
(which reduces to (3.40) when aﬂ = 0). In Fig. 15 we plot contours of this
quantity times the threshold factor f(T)/f(0) defined in Eq. (3.36), for a nomi-
nal neutrine energy £, = 100 GeV, with £ = 10 cm, €= 10 m, p, = 50 GeV. The

4 -6)

contours of IL)ILPp df(t)/f(D) = (1077, 10 are appropriate to experiments in

which ane neutral lepton candidate is detected in at least (104. 5}

107} neutral
current interactions. The corresponding highest neutral Jepton masses accessible
are about {3,5) Gev.

3. Decay path significantly longer than detector. heutral current inter-

actions of neutrincs in the shielding upstream of the detector can give rise to
decay events in the detector. These will be characterized by a limited total
effective mass and a relatively symmetric behavior of any charged leptons with

respect to other tracks. If MN is sufficiently low, it makes sense to try to
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reconstruct such possibilities as those listed in Eq. {2.61). Other signa-
tures would be isolated dilepton events with limited total effective mass.
A single event of this type has been reported in one experiment, [55] but not
confirmed in a larger-statistics sample. [56]

We have assumed throughout most of this discussion that muon neutrinos
are the most prevalent. It is conceivable that they can mix with more than one
flavor of neutral heavy lepton, as in the model of Ref. § . If beams of T or
electron neutrinos can be produced, the neutral heavy leptons they can produce
may be different. The relatively weak limits on mixing of 1f with other states
make this possibility particularly appealing for T neutrincs.

E. Experiments with incident charged leptons on nucleocns

An experiment to search for heavy leptons in the reaction
At + (rnucleon ) —= Chenvg lepton Y+ ... {3.42)

was described in Ref.57 . Experiments of this type are of considerablie interest
in searching for weak couplings of right-handed type, but do not set a very
stringent limit on left-handed leptons., The reason is very simple: fast muons
are produced from K or T* 2-body decay and are highly polarized. The ™ are mostly
left-handed and the &~ are mostly right-handed. This helicity disfavors weak
interacticns of V-A type.

The experiment of Ref. 57 can rule out a neutral heavy lepton between 1 and
9 Gev if it is coupled with full strength to the right-handed current. The pre-
dicted cross section {times a 10% branching ratio assumed forff?“"} is equal to
the 90% confidence 1imit experimental upper bound at 1 and 9 GeV, and exceeds it
within this range by at most a factor of two,around M, =4 GeV. The 4" beam is

> B0% Yeft polarized, so Cg‘zl /(}M*)szﬁ_ The corresponding cross section for
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production of N would be bounded by
o (}f+ {nucleon} -+ N (via £.h. current) +...}
/E(p" + {nucieon) - N{via full strength r.h. current)+...)

i ([GeV £ Mo £ 3 GEV)

< Eluit ¢
T ( Mu = 4 Gev) {3.43)

so one cannot set a useful bound on lUJz

Dedicated searches in ep colliders could be a much more powerful source of
information about heavy neutral leptons. Both longitudinal polarization states
of e will presumably be available. It appears feasible to collect a sample of
at Teast 104 ep=» ¥y events in an experiment with S > 200 GeV of moderate dura-
tian.[58] One could then set bounds of order ]UeNllﬁ 10-4 1f an experiment
were sensitive to N at the single-event level. This would be possible if secondary
vertices could be detected. The N is likely to emerge from the collision at a
wide angle with at least several tens of GeV of energy (in a typical configuration
based on 30 GeV electron and 800 GeV proton energy). I1ts path length then

4

exceeds a few cm, for [UI* ~107 , up to M = several GeV, For larger MN masses

N
one would have to infer the existence of N indirectly.

1f a right-handed W exists, it couples to (charged lepton) + N with approxi-
mately the same strength that the Teft-handed W couples to {charged lepton)
+ U, The reaction

ep —= Mg + -+ (3.44)

then can produce Ne with a rate (MHL/MHR)[‘ times that for ep-» L, X, If 104
avents of the latter can be obtained, an experiment observing 1 event of the

former would correspond to Mw e 10 MN = 800 Ge¥., Such 2 value is not excluded
R L

by present direct experiments, [50] though there are indirect suggestions that

3

M” > 1-2 Tev, [28] and there is some difference of opinion as to whether
~
this low a2 value is plausible in grand unification schemes. 593

F. Production 4¢hrough b decays in e'e” annihilations.

Electron-positron annihi'lat-ions provide copious sources of b quarks at the
T" and at higher energies in the contineum. As an pxample of what can be
learned about neutral heavy leptons from the decays of b quarks, let us consider
an actual situation based on the CLEC detector at the Cornell Electron Storage
Rings (CESR). [60]

The total sample of B + § at the T 145) is 8.4 ¥ 0%, [61] The semiiep-
tonic branching ratio B(B -+ (charm}{f) is estimated to be 2 3 x 10'2 lul* for
My L 1.8 GeV. At this mass we estimate that

B(h — £% 4 3 prengs) = % (3.25)
by analogy with T decays. [62,63] Then, taking into accoumt of a further track detection
efficiency factor, we expect to be able to observe about 250 lUllPd heavy
leptons decaying in the easily observed l¢+(3 charged particle} mode, where P
i¢ the probability that the decay occurs in the detector. We assume this
figure independent of N mass, taking the change in 8 semileptonic branching
ratio to be compensated by a change in the cf:+ 3 prong ratio (3.45). {The
ti+ 3 prong signal may be very weak below HN 2~ 1 Ge¥, however, if the mass
distribution of charged pions in multi-prong T decays is any guide. [63])

The minimum and maximum decay distances are taken to be 4 = 3 mm and
'(;4A = 8 cm. (Decays outside the beam pipe are harder to observe). The proper
path length is approximately

L= (p”/H,_,)(l.'ﬂ MM)(H..,/JG( V)-, | o[™® ;  (3.88)

for N in the mass range of interest. We estimate (prMN) from Fig. 8 since the
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B's are nearly at rest. Demanding [if no events are seen)

asg lul* Py < 2.3 (Go% c £ (3.47)

we find the contour shown in Fig. 16. V¥alues of fuilabove about 10'2 could be ex-

cluded by a search based on present data. Some improvement at the lowest masses (~¥
GeV) would follow from extension of & . An increase in statistics would lead to 2

decrease in the upper limit on lu'.“ [the lower branch of the curve), particularly for

the largest masses, for whicn the IUIJ upper bound is inversely proportional to the

number of B's produced. This search fills in the large JU|? region to which beam
dump experiments are insensitive (Figs. 11, 12).
G. Production through W and 7 decays.

The decays W—»£ + N or 7 — v+ H can proceed via mixing of N with the tight
neutrinos in the class of models considered here. The rates for these processes
then will contain a factor of ’U':in comparison with the rates W -4 0
{branching ratio = 8%) or I —>w+o {branching ratio ~ 6%). Both 7— v + N and

7N +0 are allowed. Thus we expect

59 = Hu® \Z Hw©
Blw=4+i5) = oot lol (=22 V" (4 ':Th:_.‘,*) y  (3.48)

B(2-2 L+n er i) & o.leuj‘{;~2%:>’(,+ .::_::% ) , (3.4%)
when the Jast factors account for kinematic suppression.

In a large pp coiliding beam experiment one can envision observing up to
about 104 W decays to etl-" Thus one expects to be able to probe values of
boI* down to about 1074 up to N masses which are a substantial fraction of M,.
Eventually £'e” collisions at ¥s = M, can lead to samples of at least 108
total I's. This ought to permit the JUJ*Timit to be pushed down at least an
order of magnitude further. The decays W-—=£N, Z—~wFK or UN should be guite
spectacular. They would lead to unbalanced jets. For very light N (M £ 6 GeV)

and small Ul £ 10'4. the N can decay on the average more than 1 cm from its

production point.
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H, Proguctijon through decays of heavy gauge bosons.

A strong reason for considering the meutral heavy lepton is that it is
a natural consequence of grand unified theories in which all known fermions
beleny to @ single representation of the symmetry group. In SU{5), this is
not the case, [1] but in the simplest model containing SU(S). namely s0(10Y,
the fermions belong to a single 16-piet. [2] Members of this multiplet carry 2
distinct charge Xdepending or their SU{5) content:

5% x=13 (d,e”, v e

o+ X=-) (TG,u, d,e*),

L -5 (R )L . {3.50)
While the unmixed neutral lepton N has no electroweak charge, it dees have
)-’# 0. The gauge boson coupling to )’(be]ongw‘ng to SG(10)/5U{5)) need only be
heavier than about 200-300 GeV, depending on the Higgs structure assumed. [G4]
Let us call this gauge boson 22.

Once the 22 has actually been produced, its decay to N occurs with branch-
ing ratic:Sz/{S2 + 5(32) + ‘.ID{‘IZ)] 2 0.3 per generation. Even if only one of
the three NN channels is open, one expects a spectacular 22 decay signature 10%
of the time.

Anather source of N can be a right-nanded W, which also arises naturally
in S0(10). [50] Indeed, we expect

Bl w, »L N = B(w — £u) = !/.«::. ) {3.51)

We have estimated the production of HR and 22 at mslti-TeV pp and pp coliid-
ing-beam machines. The hadron structure functions assumed are taken from a
forthcoming review of the physics possibilities of such machines. [65] The WR
couplings are estimated by assuming 9p 7 Y while the ZE couplings are estima-
ted as in Ref. 66 but with 20-22 mixing ignored. (The U(])), coupling s assumed
to have the same strength as U('I).(w. corresponding to case (A.1) of Ref. 6E)

The results are shown in Fig. 17. For a pp experiment at Er_. = 40 TeV, sensi-

L]
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tive at the &6 = 10737

cm2 level, one can envision production of HR up to more
than 8 TeV, and hence of N up to nearly this mass if a2 suitable W, were to

exist. The 12 is harder to produce than the NR and, in fact, also harder to
produce than a massive bosen coupling like the ZO of the standard model, First,
its couplings to v quarks of both helicities are proportional to the small charge
il[ = 1 (as seen in fq. {3.50)). When 7, does not mix with 20 (M(Zz) >> M(IO)),
one expects F(zz -~ dd) - EF(ZZ —uuz). Since u quarks can be estimated to account
for over 3/4 of ZU production at the 5PS, this is & notable handicap for 22 pro-
duction. Second, the U(11¥c0up1inq is estimated to be quite weak in grand uni-
fied thearies, [66] 5;/?H £ tjgo (to be compared with 5;?@” = 750 for weak
su(z)}.
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IV. CONCLUSIONS AND DISCUSSION

We have presented a variety of experimental tests for neutral heavy leptons
mixing weakly Jith ordinary nestrinos. The most promising of these for Jow
lepton masses involve extensicn of previously obtained beam dump limits. [47,48]
1t seems possible with ideal experiments to exclude mixings above ]()[t: 10'5-10"6
and masses below about 3 GeV. Searches in high-statistics neutrino experiments
are capable of pushing to higher masses if short tracks can be detected, or if
a clear-cut neutral lepton signature is obtained via reconstruction of lepton-
hadron effective masses. HNew neutral leptons also can be produced in ep intere
actions and in e'e” annhilations to heavy quarks such as b and t. The most
promising techniagues for higher-mass leptons, however, involve decays of W's
and 2's, 1f they exist at low enough mass, any further gauge bosens that might
exist, such as the right-handed W or additional 2's, also are quite likely to
produce new leptons in their decays.

We have concentrated on direct searches for new neutral heavy leptons,

omitting some very interesting indirect tests. Foremost among these is the study

of reutrinoless double-beta decay. [6,67)

Others involve searches for rare processes such as;u—'t)ﬂ The later paper of Ref
b contains a good discussion of several of these tests.

We have bypassed the interesting possibility that, while astrophysical
arguments permit onty & few flavors of neutrinos {probably £ 4) to be light,
[6B,63] heavier isodoublets are permitted. They are even allowed to be stable
if their mass exceeds about ? GeV, [69,70] The derays of Z's into pairs of
such objects is an excellent way to search for them. [71] Sequential charged
and neutral leptons (weak isodoublets) also may show up promirently in W

decays. [72)
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The importance of discovering the right-handed partner of the neutrino

cannot be overemphasized. At the same time, however, we do ngt have at present

much of a guarantee that this particle exists at any specific mass below 10]5 GeV.

Present limits lie around 1 GeV. The chance that these limits can be extended
to ]D4 in the next ten or twenty years at least covers part of this distance
{less discouraging if we view it on a logarithmic scale!) The companion effort
to push down limits on (1ight) neutrino mass is, of course, very closely related

to trits question, and is receiving vigorous experimental attention at present.
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TABLE 1.

Branching ratios into specific final states
for low-mass neutral heavy leptons, in percent

Lepton Ne l‘il_| N,

M(N)(GeV) 0.5 1 2 0.5 1 2 0.5 1 2
Final State

uet o 1.4 13.2 13.6 13.6 13.8 | 13.8 0 0 0
eet v 9.0 8.1 7.9 2.4 1.9 1.8 5.8 4.9 4.6
Wty 0.8 1.5 1.7 5.5 7.3 7.7 2.4 3.9 4.8
ey 15.8 14.4 13.9 19.0 15.0 14.1 45.0 38.3 3.2
z +had. 47.2 4-3.0 4.8 40.5 9.2 413 ] ] 0
v + had. 15.8 15.9 21.1 18.9 0.8 | 21.3 457 | s2.9 54.8
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TABLE 2. Neutral heavy lepton signatures in
neutrino neutral-current events.

Path length Signatures

from primary

vertex

Too short Unusual lepton from primary vertex
to detect Unusual tepton energy distribution
Within Secondary vertex containing
detector a lepton

Qutside Looks like a meutral-current event.
detector May see decay leptons in detector

from upstream interactions.
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Fermilab, 1975

(Ref. 41)

Fermilab, 1976
(Ref. 42}

Fermilab, 1978
{Ref. 43)

Fermilab, 1979
{Ref. 43 )

Fermilab
{Ref. 45)

Fermilab, 1983
(Ref. 46 )

CERN, 1983
{Refs. 47, 48)
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TAELE 3. Comparison of some experiments capable of

setting Timits via charm and b production on heavy

lepton masses and mixings with iight neutrines,

Protons on
target

3.5x0"7
(300 Gev)

(300 GeV)

2.8x10'°

8x10"7
(400 Gev)

2.6x1017
{400 GeY)

2. 70"
(400 Gev)

2.4x10"%
(400 GeV)

Path length l. to
beginning of
decay volume

400 m

590 m

6.2 m

700 m

210 m

56 m

480 m

iength A of
decay volume

9.2 m

23 m

7.4 m

HBm

52

Figure Captions
Fig. 1. Boundaries of allowed regions of IUlz {mixing strength) and HN
for heavy neutral leptons in.specific madels. Llines with IUI"- MN"-" corres-
pond to allowed ranges of Dirac mass scaleg. (a) Model of Gell-Mann et al.
and Yanagida (Ref. 3). Lines with ]Uf‘-— MN" correspond to experimental
upper limits con neutrino masses. (b) Model of Ref. 9. Horizontal lines
correspond to bounds based on Ljniversa'lity for processes involving
J.‘?‘L(\U[1 £ 0.8%), and pc(\ul" £ 10% anticipated.) Vertical Jines correspond
to bounds on N masses (Eqs. (2.24), (2.25)).
Fig. 2. Typical decays of a neutral heavy lepton via (a) charged current,

and {b) neutral current. Here the lepton !1. denotes e, 4, or T.

Fig. 3. Effective number of channels F  for decays of neutra)l leptons, as
function of neutral lepton mass MN' {a) §e: Jepton mixed with .

(b) 5/‘_ : lepton mixed with v, . (c¢) I: : lepton mixed with br.'

Fig. 4. Branching ratios of neutral heavy leptons mixed with ), {open circies),
Vi {solid dots), or vt(crosses}. {a) to charged leptons; (b) to neutrinos;

{c) to charged lepten + hadrons; {d) to neytring + hadrons. Ilrregularities

are due to opening of specific channels.

Fig. 5. Contours of fixed lifetime of a neutral heavy lepton mixed with L[
{Eq. (2.48}). Predicted lifetimes of leptons mixed with v, or Ly differ by

tess than a factor of 2 from these values cver the range 1 GeV £ My £ 50 GeV.
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m
(=2
Me

Fig. 6. Kinematic factor I]
c
semileptonic branching ratio 3(D—»[5=-1] I‘lf). Solid line: Z =e; dashed

m,
;N—‘ mi], defined in Eq. (2.40), entering into
c

line: =g We have taken m = 0.15 GeV, m_ = 1.5 Gev. Conventionally one often

sees m. replaced by m, and m_ by an incoherent sum of My and My For our
purposgs the results Ere similar.

Fig. 7. Comparisons of predicted branching ratios for semileptonic and leptonic
charmed particle decays to heavy leptons, in units of mixing strength iUl".
m.om
Fig. 8. Kinematic factor [ (-5 %
e m, I'I'Ib

ratioc B{B ~»[charm]ZR} (solid line}, and average value of pN/MN in B

M,

h—’i) entering into semileptonic branching
b

center-of-mass (dashed line).

Fig. 9. Average semileptonic branching ratio of B mesons to neutral heavy

Teptons N, in units of mixing strengthlU 2

Fig. 1¢. Limits from leptonic decay of the [ quoted in Ref. 4B on a heavy

lepton N coupled to e with strength UE”.

Fig. 11. Reanalysis of the experiment described in Refs. 47 and 48.

a} Solid line: D ~—sNe. Dotted Tine: D semileptonic decay. Dash-dotted

line: B semileptonic decay, o (8) +8(B) = 10'31 em?. Pashed line: B semi-

leptonic decay, ofB)+a(8) = 0 Pen?. b) Similar figure as a), for B - {charm}+N,
The soli¢ line corresponds to o(B) + of{B) = 10°% cm?, and the dashed to 10°°°

cm?.
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Fig. 12. "ldeal” beam dump experiment with same parameters as those for
Ref. 47, 48 except: {1 = 50m, E_n_= D.1, Po= BOD GeV. Variation of cross
sections between 400 and BOO 'GeV is tgnored. Curves as in Fig. 1la.

Fig. 13. Threshold factors for production of heavy leptens, as functions

of neutrino laboratory energy £ . Curves are ltabeled by in GeV.
Y

1 1
fig., 14. Contours of equal G(|U[ vz 1ol Pp g for detector with 4 =-10m,
*
Py = 50 GeV/c. Here we have assumed Eq. (2.48)} for the N Tifetime.

Curves are labeled by values of G.

T
Fig. 15. Contours of ecqual G |U[ PD 4 {threshold factor) for a detector
y
wfthﬁ] = 10 cm, £L=10 m, Py = 50 GeV/c. Eqg. (2.48) is taken for N lifetima,
A neutrinc energy of E,, = T00 GeV is assumed in calculating the threshold

factor (3.35),

Fig. 16. Limits obtainable on heavy lepton mass and mixing from B production
at the Y"145), based on a sample of 84K B+B, ll =3 m, l‘ +A = 8 ¢em, and

detection in the (charged lepton) + (3 charged hadron) mode.

Fig. 17. Estimates for production and detection of Wp {a,b) and Zz(c,d) in
ppla,c) and pp(b,d} collisions.” We show cross sections times branching
ratios into specific final states which might be easily detected: eN for

Mg and ¢'¢7 for Z,.
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